Introduction {#s1}
============

Stearic acid is one of the component fatty acids in soybean oil, comprising 2--4% of the total oil fraction. Stearic acid has a neutral effect on blood serum LDL cholesterol concentration and is therefore a desirable constituent of oils for food use [@pone.0097891-Byfield1]. Stearic acid confers a high melting temperature and oxidative stability to oils destined for end use in baking fats. Previously, to increase the proportion of stearic acid in soybean oil, the oil was subjected to hydrogenation. However, genetic manipulation of stearic acid level is more efficient and reduces the trans-fats that may be introduced by the hydrogenation process [@pone.0097891-Clemente1].

Three soybean genes have been characterized with homology to delta-9-stearoyl-acyl carrier protein desaturases (SACPDs) which are required for the conversion of stearic acid to oleic acid [@pone.0097891-Ohlrogge1]. These genes are delimited SACPD-A, SACPD-B, and SACPD-C. SACPD-C encodes the seed-specific isoform of this enzyme, where SACPD-A and SACPD-B transcripts accumulate in all soybean tissues [@pone.0097891-Byfield1], [@pone.0097891-Zhang1].

Soybeans with mutations in the SACPD-C and SACPD-B genes have been described. FAM94-41 is a spontaneously occurring change in the SACPD-C gene and results in plants with levels of stearic acid in the seed of ∼9% [@pone.0097891-Pantalone1]. Deletion of the SACPD-C gene in the A6 germplasm line results in up to 28% stearic acid in the seed, but the size of this deletion is uncharacterized [@pone.0097891-Zhang1], [@pone.0097891-Hammond1]. Additional SACPD-C mutants have been described with a range of 10-16% stearic acid in the seeds [@pone.0097891-Zhang1], [@pone.0097891-Boersma1]. SACPD-B mutants have recently been reported to contain ∼10% stearic acid [@pone.0097891-Ruddle1]. No mutations have been described for the SACPD-A gene. Some high stearate mutants have previously been associated with poor germination and low seed yield [@pone.0097891-Lundeen1], [@pone.0097891-Rahman1] however recently it was demonstrated that missense mutations in *SACPD-C* are not associated with poor agronomic characteristics [@pone.0097891-Ruddle2]. Additional sources of germplasm carrying novel mutations in the SACPD-C gene, or novel loci which influence seed stearic acid levels are needed to circumvent this issue to enable the production of soybeans with elevated levels of stearic acid to meet the demands of the food-oil market.

Materials and Methods {#s2}
=====================

Plants and growth conditions and fatty acid analysis {#s2a}
----------------------------------------------------

For screening, plants were grown in the field in West Lafayette, Indiana, as described in reference [@pone.0097891-Hudson1]. Field location GPS coordinates are latitude 40.468 degrees north, longitude minus 86.991 degrees west. Soybeans described in this study are non-transgenic, therefore no specific permits were required for growth. Fatty acid composition analysis was performed as previously described [@pone.0097891-Head1].

Sequencing and Genotyping {#s2b}
-------------------------

Three segments of the SACPD-C (Glyma14g27990) coding region were amplified and sequenced using the primers in [Table S1](#pone.0097891.s002){ref-type="supplementary-material"}. DNA sample preparation for sequencing was performed using the CTAB method [@pone.0097891-Richards1] and sample preparation for genotyping was as previously described [@pone.0097891-Head1]. dCAPS genotyping [@pone.0097891-Neff1] was performed using standard protocols with the assays developed specifically for the SACPD-C mutants provided in [Table S1](#pone.0097891.s002){ref-type="supplementary-material"}. To evaluate the position of substitutions, mutations were overlaid on the protein structure PDB ID 1AFR using the program Cn3D v. 4.3 [@pone.0097891-CN3D1]. Mutant SACPD-C sequences are deposited in GenBank with accession numbers KJ522450-KJ522455.

Results and Discussion {#s3}
======================

Mutant plants with high levels of stearic acid in seeds were identified in an ongoing screen for soybean seed with altered fatty acid composition (reference [@pone.0097891-Hudson1], and unpublished data) and six lines were chosen for further characterization. These mutants were obtained from an NMU-mutagenized population in the Williams-82 genetic background [@pone.0097891-Cooper1]. Levels of stearic acid in the seed of the mutant lines ranged from 6--13% ([Table 1](#pone-0097891-t001){ref-type="table"}), with the highest levels in line 18190. Line \#18948 corresponds to line \#14, line 18190 corresponds to \#16, and line 18610 corresponds to \#17 in reference [@pone.0097891-Hudson1] while the isolation of lines 15073, 14197, and 21084 has not been previously described. Line 14197 and 18948 were isolated as heterozygous M~3~, as revealed by segregating types of M~4~ seed, while the remaining lines showed a consistent level of stearic acid across multiple M~4~ individuals and were presumed to be homozygous isolates ([Table S2](#pone.0097891.s003){ref-type="supplementary-material"} and [@pone.0097891-Hudson1]).

10.1371/journal.pone.0097891.t001

###### Elevated stearic acid levels in *SACPD-C* mutants.

![](pone.0097891.t001){#pone-0097891-t001-1}

                          Palmitic Acid (16∶0)   Stearic Acid (18∶0)   Oleic Acid (18∶1)   Linoleic Acid (18∶2)   Linolenic Acid (18∶3)   n
  ---------------------- ---------------------- --------------------- ------------------- ---------------------- ----------------------- ---
  W82                           10.0±0.2                4±0.1              20.6±0.5              57.0±0.5                8.3±0.2          6
  15073 SACPD-C~G224E~          8.1±0.4               12.1±1.2             15.9±0.6              55.0±1.3                8.8±0.6          6
                              *1.3e^−6^*\*          *1.8e^−8^*\*         *4.6e^−8^*\*         *0.0055* ^\*^              *0.13*          
  14197 SACPD-C~Y211C~          8.8±0.4               12.1±3.5             20.0±2.9              51.6±0.7                7.6±0.6          3
                             *1.25e^−4^*\*          *5.3e^−4^*\*            *0.62*             *2.4e^−6^*\*            *0.0044*\*        
  18190 SACPD-C~A218E~          8.5±0.6               13.5±0.6             14.8±0.2              53.8±0.4                9.3±0.3          3
                              *4.2e^−4^*\*          *1.8e^−9^*\*         *2.6e^−7^*\*          *1.8e^−5^*\*           *5.0e^−4^*\*       
  18948 SACPD-C~H223R~          10.1±0.5               9.5±1.3             17.4±0.6              54.9±1.1                8.1±0.4          4
                                 *0.75*             *4.4e^−6^*\*         *1.3e^−5^*\*           *0.0034*\*               *0.26*          
  18610 SACPD-C~A239T~          9.45±0.6               6.1±1.2             22.2±1.2              54.1±2.0                8.1±0.9          6
                               *0.032*\*             *0.0021*\*           *0.0093*\*            *0.0057*\*               *0.57*          
  21084 SACPD-C~R329I~          8.4±0.3                8.7±0.8             27.8±1.8              48.6±1.4                6.5±0.8          4
                                 *0.79*             *5.3e^−4^*\*            *0.016*               *0.51*                 *0.77*          

Fatty acid levels were averaged for n homozygous M~4~ or M~5~ lines for each mutation, and averages and standard deviations are shown. *p*-value (in italics) was calculated from a two-tailed, type 2 t-test for the average fatty acid level in each mutant relative to the Williams-82 (W82) wild type control. Single asterix indicates *p*-values that are significant at the *p*\<0.05 level.

Sequencing of the SACPD-C gene from these mutant lines revealed that each carries a distinct and independent missense mutation in the coding region of SACPD-C ([Figure 1](#pone-0097891-g001){ref-type="fig"} and [Table 1](#pone-0097891-t001){ref-type="table"}). The sequence of the SACPD-C gene in the Williams-82 accession that serves as the germplasm background for this mutant is consistent with the previously described soybean SACPD-C sequence (Genbank \#EF113911) [@pone.0097891-Zhang1] but not the Williams-82 sequence within the Phytozome database (version 9.1, [www.phytozome.net](http://www.phytozome.net)) which carries a frameshift mutation early in the first exon. The exons of the SACPD-A and SACPD-B genes (Glyma07g32850 and Glyma02g15600, respectively) were also sequenced in these lines and were found to be identical to the Williams-82 sequence (not shown). As line 21084 and 18610 M~3~ and M~4~ individuals produced seed with a marginal increase in stearic acid content from ranging from 5--8%, to verify that these lines were homozygous the SACPD-C gene was sequenced from M~4~ plants ([Table S2](#pone.0097891.s003){ref-type="supplementary-material"}). All of these M~4~ individuals were homozygous for their respective mutations. This suggests that the mutations in these lines are less damaging to enzyme structure or function and the resultant plants display a marginal increase in stearic acid.

![Mutations in the SACPD-C enzyme.\
Multiple sequence alignment for soybean SACPD-C with close sequence homologs showing the position of mutations in conserved locations. Other proteins shown are SACPD-A and SACPD-B from soybean, *FAB2* from Arabidopsis (At3g02610/DES2), and the castor bean SACPD (30020.m000203.rco). Mutations described in this work are located at the following positions: 1. SACPD-C~Y211C~ 2. SACPD-C~A218E~ 3. SACPD-C~H223R~ 4. SACPD-C~G224E~ 5. SACPD-C~A239T~ 6. SACPD-C~R329I~.](pone.0097891.g001){#pone-0097891-g001}

Visualization of the location of the affected amino acids in the determined crystal structure for the SACPD enzyme from *Ricinus communis* reveals that five of the six mutations are located in the enzyme channel domain which is composed of several alpha helixes, the function of this channel is to position the hydrocarbon chain of the fatty acid so that it can be oxidized ([Figure S1](#pone.0097891.s001){ref-type="supplementary-material"}) [@pone.0097891-Lindqvist1]. SACPD-C~Y211C~, SACPD-C~A218E~, SACPD-C~G224E~, SACPD-C~H223R~ are located on alpha helix six, and SACPD-C~A239T~ is located on alpha helix seven. The amino acid substitutions introduce either changes in side chain charge or size into this region of the enzyme. These mutations may reduce the ability of a fatty acid chain to be correctly positioned within the channel domain of the enzyme. Proximity of mutations to the di-iron core and increases in polarity also correlate with greater reduction of enzymatic function [@pone.0097891-Lindqvist1]. SACPD-C~R329I~ is located on a loop residue after helix ten, and this mutation results in a less dramatic increase in stearic acid level. We speculate that this residue may be involved in correct folding of the active site or possibly in interaction with other proteins.

To demonstrate that changes in the SACPD-C gene cause the elevated stearic acid phenotype in these mutant lines, co-segregation analysis was performed in segregating populations. In each case the single nucleotide polymorphism introduced by the mutation was used to develop a codominant dCAPs marker. Lines 18948 (SACPD-C~H223R~) and 14197 (SACPD-C~Y211C~) were isolated as heterozygous mutants for SACPD-C mutations. M~4~ plants segregating for these SNPs were grown in the field during the 2011 growing season, and M~5~ seed was genotyped for the SNP and phenotyped for fatty acid content. [Figure 2A](#pone-0097891-g002){ref-type="fig"} shows association of the SACPDC~Y211C~ mutation with elevated levels of stearic acid in the seed. [Figure 2B](#pone-0097891-g002){ref-type="fig"} shows cosegregation of SACPDC~H223R~ with elevated levels of stearic acid in the seed. Line 18190 (SACPD-C~A218E~), which has the highest levels of stearate, was crossed to the cultivar Prize, allowed to self-pollinate, and F~2~ plants were grown in the field (during the 2012 growing season) and genotyped. F~3~ seed from F~2~ individuals was analyzed for stearic acid content. [Figure 2C](#pone-0097891-g002){ref-type="fig"} shows the cosegregation of SACPDC~A218E~ with elevated levels of stearate. In the SACPDC~A218E~ x Prize segregating population, a number of homozygous mutant individuals were observed which contained stearic acid levels greater (\>20% stearate) than those observed in the homozygous mutant isolate in the Williams-82 background (approximately 13%). This may be due to the segregation of a second, modifying locus distinct from that of the mutated SACPD-C gene in the SACPD-C~A218E~ line. This genetic modifier may be in the outcross parent (Prize) genetic background, or it may be a second-site mutation in the heavily mutagenized background of the SACPD-C~A218E~ parent line. It is estimated that the mutation frequency in the parent of SACPD-C~A218E~ parent is on the order of 100 genic mutations per individual [@pone.0097891-Cooper1]. The seed stearate level in the Prize parent grown in parallel was 4%, similar to Williams-82. As the other SACPD genes would be good candidates to act additively with SACPD-C~A218E~, the SACPD-A, -B, (and --C) genes were sequenced in the Prize parent and found to encode predicted proteins with an amino acid sequence identical to the published reference sequence [@pone.0097891-Zhang1].

![Cosegregation of SACPD-C mutations and elevated stearic acid phenotype.\
Individuals from segregating populations were analyzed for stearic acid content and genotyped for A. SACPD-C~Y211C~ (78 indivduals) B. SACPD-C~H223R~ (24 individuals), and C. SACPD-C~A218E~ (89 individuals). White bars indicate wild-type individuals, grey bars indicate heterozygous individuals, and black bars indicate homozygous mutants.](pone.0097891.g002){#pone-0097891-g002}

There is evidence that other, unknown loci in addition to SACPD-C impact stearic acid levels in soybean seed [@pone.0097891-Ruddle1]. The strong mutations in SACPD-C described here are comparable to the defects observed in RG7 and RG8 which are also chemically induced point mutants in SACPD-C [@pone.0097891-Boersma1] and may therefore serve as a basis for germplasm to enhance stearic acid levels. Weaker alleles such as SACPD-C~R329I~ and SACPD-C~A239T~ may be useful when combined with other genes to increase stearic acid while maintaining high oleic acid levels. In addition, identification of the factors that enable the \>20% stearic acid levels observed in association with SACPD-C~A218E~ may suggest to further increase stearic acid levels for a soybean oil with enhanced functionality.
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Disclaimer: Product names are necessary to report factually on available data. However the USDA neither guarantees nor warrants the standard of the product, and use of the names implies no approval of the product to the exclusion of others that may also be suitable.
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